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bstract

Non-human primates, like humans, develop and maintain social relationships and attachments throughout their life. The first and most crucial
elationship in a primate life is that with its mother. Yet, in absence of their biological mother, infant primates form attachment to surrogate
others. Although, this early attachment is critical for the development of normal species-typical social and emotional skills, the neural substrates

nderlying the formation of social relationships in primates are still unclear. The present study assessed, in infant rhesus monkeys (Macaca mulatta)
eared by human caregivers and social interactions with peers, the effects of bilateral neonatal (1–2 weeks of age) ibotenic acid lesions of the
mygdala and hippocampus (N = 6 in each group), aspiration lesions of the orbital frontal cortex (N = 6) or sham lesions (N = 5) on the development
f a social attachment with the principal human caregiver. A specific preference for the later was assessed at 11 months of age, in a two-choice
iscrimination task, opposing the principal human caregiver to another familiar human, in a familiar environment. None of the lesions impaired

he expression of preferential responses toward the principal human caregiver. Nevertheless, lesions of the orbital frontal cortex led to a weaker
reference, suggesting that this structure may play a role in the quality and/or strength of the infant/mother relationships. The present non-human
rimate findings are discussed in terms of their relevance for autism.

2006 Published by Elsevier B.V.
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. Introduction

.1. Filial attachment and autism

Autism and, more specifically autism spectrum disorders
ASD), is a pervasive developmental disorder characterized
y disruption of socio-emotional behavior and communica-
ion. Early clinical diagnostic features or theories have indi-
ated that failure to develop social attachment and, particu-
arly attachment with the mother in early infancy, may be at

he source of this neurodevelopmental disorder [32,62,102].
ecent studies, however, indicate that individuals with autism
o indeed form attachment with their mother [99,107]. Thus,
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uring separation/reunion situations in unfamiliar laboratory
ettings [3], children with autism, like children without autism
atched for mental age, showed higher preferential responses

increased orientation, approach, physical contact, proximity
eeking, contact maintenance, language or affective display)
oward their caregiver than toward a stranger, especially upon
eunion episodes [38,39,92,93,106,108]. In addition, they can
lso display extreme distressed behaviors (i.e. crying, calling
nd holding) when separated from their mothers [40]. This
ndicates that children with autism have the capacity to dis-
riminate and preferentially select their caregiver. Furthermore,
hildren with autism, like normally developing children and
hildren with Down syndrome, use their caregiver as a secure
nd comforting base for exploring the environment, especially
hen the environment becomes challenging or alarming [38].

inally, the proportion of children with autism securely or inse-
urely attached to their caregiver is similar to that observed
mong those with developmental language disorder or mental
etardation [38,39,93,106,123], although children with autism,
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specially those with lower mental development, show more
igns of insecurity than their matched comparison groups and
re less responsive to contacts with their caregivers [99]. Yet,
here are some concerns that the classification commonly used
o assess the quality of the attachment relationship with the
aregiver (strange situation procedure [3]) is not adapted for
hildren with cognitive disabilities, such as Down syndrome
89,117] and the same restriction might applied for autistic chil-
ren with severe mental retardation [99]. Nevertheless, children
ith autism appear to possess the separation/reunion equilib-

ium that has been described as one of the main characteristic
f the mother–infant attachment [4].

What remains unknown, however, is whether the develop-
ent and maintenance of filial attachment in autistic individuals

s based on behavioral and cognitive processes (e.g. early pat-
ern of reciprocity, synchronization and reciprocal modulation
ithin the mother–infant dyad, as well as security patterns) nor-
ally seen in typically developing children in the first 2 years of

ife. Thus, based on the relation between quality of attachment
i.e. patterns of behavior and security scores) and cognitive and
ocial abilities found in children with autism [26,39,92,93,123],
ome researchers have suggested that early development of fil-
al attachment in children with autism might either be delayed
93,107] or induced via different cognitive compensatory strate-
ies, especially in higher-functioning autistic children [99,107].
et, if such compensatory strategies exist and allow the early

ormation of filial attachment, they may not be sufficient for
he later development of more complex reciprocal social inter-
ctions or relationships. For instance, impairments in “theory
f mind” tasks, which required internal working model of self,
thers and their interdependence, in children with autism have
een interpreted as reflecting a lack of normal progression from
basic psychobiological level of filial attachment toward a more
dvanced psychological stage requiring an internal working
odel of the relationship with the caregiver [26,40,92,93,99].
he presence of a deficient working model of social relation-
hips in autistic children in the first years of life may in turn
ead to protracted deficits in forming and maintaining recipro-
al social interactions later in life. Thus, a better understanding
f the early development of filial attachment as well as of its
eurobiological substrate appears critical to shed lights on the
rigin of the socio-emotional dysfunction in autism.

.2. Filial attachment in primates

Primates, humans and non-humans, live in societies char-
cterized by complex and dynamic social structures that are
aintained through multiple and specific social relationships

mong the individuals in the society. Attachment to the biolog-
cal mother is the first social relationship that primates develop
n early infancy. In addition to provide basic survival needs,
uch as energy via food and warmth, the mother serves as
source of comfort and reassurance when infants are faced

ith dangers or challenges during exploration of their environ-
ent [3,22,77,121]. The presence of the mother, thus, facilitates

he development of emotional stability in the infant [5]. This
arly social attachment, or filial attachment, is characterized by
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roximity-seeking and proximity-maintaining behaviors, and its
isruption results in intense distress biobehavioral symptoms,
uch as changes in heart rate, body temperature, immunological
ariables, CSF metabolites levels, plasma cortisol concentra-
ions, sleep patterns, locomotion and vocalizations (see [91]
or review). These stress responses rapidly disappear following
eunion with the mother [51,78]. In the complete absence of the
other, non-human infant primates will develop attachment to

ther conspecific peers [20], to heterospecific individuals, such
s dogs [75], and even to biologically improbable objects, such
s cloth-covered cylinder [54], presumably in an attempt to reach
motional stability. Research in humans have shown that attach-
ent to a specific being, or object, represents a long lasting

motional bond as well as an integrative perceptual/cognitive
chievement that requires several cognitive processes linking
ensory inputs to motor outputs and including motivation, atten-
ion, memory and social recognition [22]. These processes
evelop progressively and are influenced by many variables that
nclude maturity of the subject, individual and species differ-
nces, characteristics of the attachment object or being, and early
earing environment conditions [49,77,96]. The significance of
other–infant attachment for the normal development of emo-

ional bonding later in life has mainly been demonstrated in
tudies following social skills in children or infant monkeys that
ave encountered abnormal filial attachment in early infancy.

.3. Filial attachment and social competence

Infant monkeys reared with inanimate surrogate mothers dur-
ng the first few months of life exhibit persistent social deficits
ogether with inadequate development of affiliative behaviors
53,115]. Rearing with peers only partially compensates for
any of the socio-emotional deficits seen in surrogate-reared
onkeys. Thus, peer-reared, as compared to mother-reared,

nfant monkeys display higher distress responses when placed
n a novel setting even in presence of their favorite peer [55],
uggesting that they have developed insecure social relation-
hips [5]. Peer-reared infant monkeys have also difficulties in
ssessing social dominance status (indicator of social success in
hesus monkeys) not only as juveniles, but even more so as adults
11]. Finally, the quality of the relationship with the mother
lso influences the social and emotional development of the
oung primate. Thus, infant monkeys reared in semi-naturalistic
ocial groups by naturally abusive mothers, or by experimen-
ally induced highly stressed mothers (i.e. by imposing environ-

ent with unpredictable foraging demands), developed insecure
lial attachment and, although they appeared to develop nor-
ally, they became less socially competent, more fearful, and

yperresponsive to stressful stimuli as they mature [73,97,104].
imilarly, human children developing less secure attachment

o their mother are often less socially competent than children
aving a secure filial attachment [88]. For instance, children
aised by abusive caregivers develop disordered/disorganized

ttachment to their caregivers, and show difficulties in peer
elationships, cognitive delay, alterations in hormonal response
o stress and higher frequency for depressive symptoms, con-
uct disorders and drug abuse tendencies [31]. Children raised
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ith no particular figure of attachment, such as those placed
n institutional care from an early age, display severe and per-
istent (even after adoption in a caring family) social, cognitive
nd emotional difficulties, such as motor stereotypies (abnormal
epetitive behaviors), abnormal aggressivity, language delays, as
ell as unusual, often disordered attachment patterns, associated
ith lack of selectivity in social relationships and interactions,

.e. indiscriminate friendliness [29,98,100,101,110,127–129].
All of these findings indicate that both the socio-emotional

timulation provided by the mother early in life and the quality of
he mother–infant relationship play a critical role in the develop-

ent of normal and adaptive social and emotional competences
n both human and non-human primates. Indeed, Nelson and
anksepp [82] have argued that filial attachment constitutes the
oots of affiliative behavior expressed throughout life and that
he neural mechanisms underlying its formation are organized
nto a “socially directed motivational system”. This motivational
ystem modulates the development and expression of concurrent
nd future affiliative behaviors, including the formation of later
ttachments, such as adult heterosexual and parental attachment
21,22]. Based on an evolutionary perspective, it seems reason-
ble to suppose that the neural mechanisms underpinning filial
ttachment early in development are also those underlying social
onds, more generally [67].

.4. Neural basis of social attachment

Despite the importance of mother–infant attachment for
ocial competence later in life, the neural systems underlying
he formation and maintenance of filial attachment and social
elationships in primates are still poorly understood. Because
on-human primates, like humans, develop and maintain social
elationships [28,35] through their life and particularly early in
nfancy with their biological mother [113], or, in absence of their

other, with other individuals [20,75], they provide an excellent
nimal model to study the neural basis of social attachment.

A growing number of neurobiological primate studies pro-
ide evidence for a complex neural network, including the
mygdala and the ventral frontal lobe (e.g. orbital frontal cortex),
nderlying the regulation of socio-emotional/affective cognition
1,2,17,19,41,71]. The amygdala is involved in the perception
nd recognition of socially salient stimuli, such as facial expres-
ion of emotion, eye-gaze directions, body postures and move-
ents, as well as in the identification of social significance, ini-

ial social judgment of other individuals and social interpretation
f ambiguous situations [1,23,24,86,87,126]. The amygdala also
lays a role in stimulus-reward association, i.e. in the process of
ssociating discrete stimuli with their intrinsic reward value, or
iological significance [15]. By contrast, the orbital fontal cortex
s less important for perceiving and identifying the significance
f stimuli, but rather, anticipates, monitors and uses this infor-
ation to evaluate, guide and adjust goal-directed behaviors

pon changing contexts [7,16,18,34,36,37,56,57,68,94,95,116].

inally, both brain structures have been involved in the forma-

ion of social attachments in non-primates species, such as sheep
63–66], voles [124,125], and rats [81]. Thus, both structures are
ikely to play a critical role in the formation and/or maintenance
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f early social attachments in primates as well. There is only
ne study in non-human primates that has directly investigated
he role of the amygdala in the development of filial attachment.
auman et al. [12] observed that animals with neonatal damage

o the amygdala displayed apparently normal interactions with
heir mother and showed recognition behaviors. However, unlike
ham-operated controls and those with neonatal hippocampus
esions, they showed no preference for their mother immediately
fter weaning at 6 months of age. The authors attributed this lack
f preference to an inability to perceive potential danger (e.g.
he unfamiliar environment or unfamiliar stimulus monkey),
ather than a disruption of the filial attachment formation per
e. Thus, this finding suggests that the quality of the attachment
o the mother, rather than the attachment itself, may have been
ffected by the early amygdala lesion. Similarly, as reviewed
bove, autistic children display attachment behaviors toward
heir caregiver, but the quality of the filial relationship may
e different to that of normally developing children. Thus, it
s possible that similar neural systems, including the amygdala
nd the orbital frontal cortex, may underlie the development of
lial attachment in autism as well. This possibility is strength-
ned by growing evidence from neuroimaging studies in autistic
ndividuals demonstrating dysfunction of a neural network that
ncludes the amygdala and orbital frontal cortex [8]. To further
ssess the respective contribution of the amygdala and orbital
rontal cortex in filial attachment, the present study investigated
he effects of bilateral neonatal lesions of the amygdala, orbital
rontal cortex or hippocampus, on the expression of a prefer-
nce for a principal human caregiver as compared to a familiar
uman, in juvenile rhesus monkeys. Preliminary results from
his study have been presented elsewhere [48].

. Method

All experimental procedures were approved by the Institutional Animal Care
nd Use Committee at the University of Texas at Houston, and were conformed
o the NIH Guide for the Care and Use of Laboratory Animals (HHS publication
5-23, 1985). Prior to this experiment, all animals had received behavioral and
ognitive testing to assess maturation of visual orientation, motor coordination,
rritability, and discrimination of facial social cues (1–4 weeks of age), object
nd spatial recognition memory (2, 6 and 8 months of age), defensive reactions
o a human intruder (2 and 5 months of age) and dyadic social interactions with
eers (3 and 6 months of age).

.1. Subjects

Twenty-four full-term infant rhesus monkeys (Macaca mulatta), born from
ultiparous mothers, served as subjects in the present study. They arrived in three

ohorts of eight animals of both males and females born approximately a year
part. Between 1 and 4 days of age they were brought from the breeding facility of
he University of Texas, M.D. Anderson Cancer Center Science Park (Bastrop,
X) to the primate-nursery of the M.D. Anderson Cancer Center (Houston,
X) and were raised by human caregivers and with age-matched peers. Each
ohort included two infants from each of the following experimental groups:
roup Neo-Aibo received bilateral neurotoxic lesion of the amygdala, group Neo-

ibo received bilateral neurotoxic lesion of the hippocampus, group Neo-Oasp
eceived bilateral aspiration lesion of the orbital frontal cortex, and group Neo-
received bilateral sham operations. Each group included six animals, three
ales and three females, except group Neo-Hibo which included four males

nd two females, and all surgical procedures occurred between 10 and 15 days
f age.
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At their arrival in the laboratory, all infant monkeys were first hand-fed a
iet of infant Similac formula (SMA with iron). At around 3–4 weeks of age,
hen self-feeding had been acquired, their diet was supplemented with banana
ellets (190 mg, P.J. Noyes, Cleveland, OH). At 3 months of age, the diet of
ll infant monkeys was supplemented with Purina monkey chow (PMI Feeds),
nd pieces of fresh fruits were given every day. From 8 months to 1 year of
ge, fresh fruits served as a reward after behavioral or cognitive testing. Water
as always available. To follow normal ponderal growth, infants’ weight was
onitored daily until 3 months of age and weekly thereafter.

.2. Rearing conditions

Upon their arrival in the primate nursery, the 1–4-day-old infant mon-
eys were placed individually in open plastic box within larger wire cages
40 cm × 30 cm × 40 cm) and under open radiant incubators. The incubator
ccommodated two wire cages allowing somato-sensory contacts between two
nfants in adjacent wire cages. In addition, the wire cages allowed visual, audi-
ory and olfactory contacts with all other infants in the nursery. Contact comfort
as provided by a synthetic plush surrogate (approximately 30 cm in length)

nd a cotton towel hung from the top of the cage as well as several towels placed
n the floor and the sides of the plastic box. At 1 month of age, the plastic
oxes were removed allowing the animals to freely move within the wire cages.
t 3 months of age, animals were transferred to larger wire cages and housed

ndividually, although physical contacts were possible between pairs of infants
hrough the large central mesh separating two adjacent cages.

Each cohort was raised by a principal human caregiver who fed and handled
hem several times a day from the day they arrived in the primate nursery until
he end of the present experiment. The principal human caregiver spent approx-
mately 6 h daily, 5 days a week in the primate nursery with the infants. On
eek-end, familiar human caregivers fed, handled and played with the infants
–3 times a day for a total of 2–4 h both days. In addition, at 3 months of age
ntil approximately 9 months of age, all infants received daily social interactions
3–4 h, 5 days/week) with three other age- and sex-matched peers of the same
ohort and in the presence of the principal human caregiver and 1–3 of the famil-
ar human caregivers. Socialization took place in a play pen/cage located in the
rimate nursery and containing toys and towels. Finally, when the infants reached
pproximately 7 months of age, one adult multiparous female rhesus monkey
as introduced in the nursery room and placed in an individual cage allowing
isual, auditory and olfactory, but not physical, contacts with the infants.

.3. Surgical procedures

.3.1. Magnetic resonance imaging (MRI) procedures
Because of the inter-individual variability between monkey brains, MR

mages of the brain of each subject were acquired immediately prior to surgery
pre-surgical MRI scans). This procedure allowed selection and calculation of
he injection site coordinates (bilaterally) within the amygdala or the hippocam-
us (see [74] for details) and localization of the lateral and medial orbital frontal
ulci, which were used as lateral and medial borders for the orbital frontal cor-
ex lesions. On the morning of surgery, the infant monkey was anesthetized by
sofluorane inhalation (1–2% to effect), intubated with an endo-tracheal canula
o maintain adequate levels of anesthesia through the MRI scans and surgi-
al procedures. The monkey’s head was then secured into a non-ferromagnetic
tereotaxic apparatus (CRIST instruments Co., Inc., Damascus, MD). Measure-
ents of the positions of ear bars, mouth plate, and mouth piece were recorded

o allow precise re-positionning of the animal in the stereotaxic apparatus for
lterior MRI scanning (post-surgical MRI scans, see below). The stereotaxic
pparatus was then aligned in the scanner and the monkey’s brain was imaged.

The MR images were acquired with a GE Signa 1.5 T Echo Speed scanner
GE Medical Systems, Milwaukee, WI) using a 7.5 cm diameter surface coil.
he earbars and midline sinus were always used as reference. For all animals
f the four experimental groups, including those receiving sham-operations, a
rst structural series of images (T1-weighted spin-echo sequence, echo time

TE) = 11 ms, repetition time (TR) = 450 ms, contiguous 4 mm sections, 12 cm
eld of view (FOV), 256 × 256 matrix) was acquired in the sagittal plane and
sed to align the next series of images. The second series (3D T1-weighted fast
poiled gradient (FSPGR)-echo sequence, TE = 2.6 ms, TR = 10.2 ms, 25◦ flip
ngle, contiguous 1 mm sections, 12 cm FOV, 256 × 256 matrix) was acquired
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n the coronal plane. In addition, animals in groups Neo-Aibo and Neo-Hibo

eceived three series of images (Fluid Attenuated Inversion Recovery (FLAIR)
equence, TE = 140 ms, TR = 10,000 ms, inversion time (TI) = 2200 ms, 90◦ flip
ngle, contiguous 3 mm sections, 14 cm FOV, 256 × 256 matrix) acquired in
he coronal plane and offset by 1 mm in the anterior/posterior axis. The FLAIR
equence reveals tissue T2 prolongation with cerebrospinal fluid suppression.
n entire MRI session lasted from 45 to 60 min, after which the animal was kept

nesthetized in the stereotaxic apparatus, placed in an incubator, and immedi-
tely brought to the surgical suite.

Approximately one week following surgery, animals in groups Neo-Aibo

nd Neo-Hibo received a second MRI session (post-surgical MRI scans) using
he same procedures and sequences as those used during the pre-surgical MRI
ession. This second MRI procedure was used to evaluate the location and extent
f the lesion [74,83] by comparing pre- and post-surgical FLAIR images (see
elow) to identify hypersignals (optimal for less than 2 weeks after injection of
botenic acid) resulting from edema caused by neurotoxin-induced cell death.
nimals of group Neo-Oasp also received a second structural post-surgical MRI

can (3D T1-FSPGR), which was compared to the pre-surgical T1 scan to eval-
ate the extent of the orbital frontal lesions. This post-surgical scan was done 1
onth after surgery to provide sufficient time for brain tissue around the lesion

o ill and reduce artifacts on the MR images. The sham-operated animals also
eceived a second MRI scan, approximately a month after their sham-surgery.

.3.2. Surgical procedure
The single-stage surgeries followed immediately the MRI scanning session

nd were performed aseptically. Throughout surgery the animals were main-
ained under gas anesthesia (isoflurane/O2, 1–2% to effect) and vital signs (heart
nd respiration rates, blood pressure, body temperature and expired CO2) were
onitored. An intra-venous drip of 5% dextrose and 0.5% sodium chloride main-

ained normal hydration for the duration of the surgery. The animal’s head was
haved, the skin was disinfected with Novalsan solution, and a long-acting local
nesthetic (Marcaine 25%, 1.5 ml) was injected subcutaneously along the mid-
ine skin incision. After the midline incision, the connective tissue was gently
isplaced laterally to expose the skull.

For the ibotenic acid injections in the hippocampus or amygdala, two cran-
otomies were made bilaterally, in front of bregma and above the respective
eural structure and the dura was incised to expose the brain. The injections
f ibotenic acid (Biosearch Technologies, Novato, CA, 10 mg/ml in PBS, pH
.4) were made simultaneously in the two hemispheres using 30 gauge needles
ttached to 10 �l Hamilton syringes held in Kopf manipulators (David Kopf
nstrument, Tujunga, CA). The needles were slowly lowered at each injection
ite, and 0.4–0.6 �l (hippocampus lesion) or 0.2–0.4 �l (amygdala lesion) of
botenic acid was manually injected at a rate of 0.2 �l/min. After each injection,
he needles were left in place for an additional 3 min period to allow diffusion of
he drug at the tip of the needle and minimize its spread in the needle track during
etraction of the needles. The needles were then slowly raised out of the brain
nd their tips were swabbed to remove any residual neurotoxin or blood before
eing lowered at the next injection site. A total of 2.8–4.2 �l of ibotenic acid
as injected into 7–8 sites along the hippocampus and was intended to target the
ncus and the hippocampus along its entire length (Fig. 1, left column). A total
f 0.8–1.6 �l of ibotenic acid was injected into four sites centered within the
mygdala and was intended to target all amygdala nuclei (Fig. 2, left column).
o control for potential brain swelling, before the last neurotoxin injection, the
nimal was given 30 ml of Mannitol (20%, i.v.) at a rate of 1 ml/min.

The bilateral orbital frontal lesions were made by subpial aspiration lesions
79]. Following a craniotomy (approximately 2.5 cm × 1.5 cm) above each orbit,
he bone of the supra-orbital ridge was slightly eroded with a drill. Bilateral
ncisions were made in the dura, and the frontal lobe was gently elevated to
ccess its ventral aspect. Microscope-guided aspiration of the orbital frontal
ortex was made through small 21 and 23 gauge aspirating probes. The lesion of
he orbital frontal cortex was intended to include cytoarchitectonic areas 11 and
3 [9,27]. Borders for the intended orbital frontal lesions (Fig. 3, left column)
ncluded a line joining the anterior tips of the lateral and medial orbital sulci

nteriorly, the medial lip of the lateral orbital sulcus laterally, the olfactory stria
edially, and ended posteriorly at a level where the olfactory striae turn laterally.
sing these landmarks, the orbital frontal lesions was largely restricted to areas
1 and 13 anteriorly, but extended slightly into area Ia (anterior insular area)
ore posteriorly.
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Fig. 1. Drawings of coronal sections through five levels of the hippocampus of a normal 1-week-old infant monkey brain depicting the intended damage in gray (left
column) and coronal fluid attenuated inversion recovery (FLAIR) magnetic resonance (MR) images at the corresponding levels for case Neo-Hibo-3 (right column).
On the FLAIR MR images, areas of hypersignals (white areas) indicate edema induced by injections of the neurotoxin (ibotenic acid). For each section, the numbers
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ndicate the distance in millimeters from the interaural plane. Abbreviations: a
ccipito-temporal sulcus; pmts, posterior medial temporal sulcus; PRh, perirhina
ortical areas of the temporal lobe; V2, extrastriate visual area V2.

Sham-operations included bilateral opening of the skull and dura at approx-
mately the same location as for the amygdala and hippocampal lesions, but no
eedle penetration and no injection were performed.

At the completion of all surgical procedures, the wound was closed in
natomical layers with vicryl sutures (Ethicon Inc., Johnson & Johnson, NJ),
fter which the infant monkey was removed from the stereotaxic apparatus and
laced in an incubator ventilated with oxygen until it regained complete con-
ciousness.

.3.3. Pre- and post-surgical treatments
All infants including the sham-operated monkeys received the follow-

ng pharmacological treatments. As a prophylactic measure against infection,
ephalexin (25 mg/kg, p.o.) was administered the night prior surgery and was

ontinued once a day up to 7 days after the surgery. As a precaution against
rain edema, dexamethasone sodium phosphate (0.4 mg/kg, s.c.) was given the
ight before and the day of surgery, and was continued for 4 days after surgery
ith progressive withdrawal of the drug. For analgesia, acetaminophen (Tylenol,
0 mg/kg, p.o.) was given twice after completion of surgery and was contin-
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nterior medial temporal sulcus; H, hippocampus; ERh, entorhinal cortex; ots,
ex; rs, rhinal sulcus; sts, superior temporal sulcus; TE, TEO and TH/TF, ventral

ed for 5 days after surgery. In addition, to prevent infection of the wound, all
nfants were diapered the night following surgery, the wound was cleaned daily,
nd antibacterial ointment (bacitracin–neomycin–polymyxin) was applied to the
kin sutures twice a day for as long as necessary. No major complications were
ncountered either during or following all surgical procedures.

.4. Lesion verification

For each animal of groups Neo-Hibo and Neo-Aibo, each coronal FLAIR
mage was matched to a series of drawings of coronal sections of a 1-week-
ld normal rhesus monkey brain (J. Bachevalier, unpublished data), acquired
t 1 mm interval. The extent of hypersignals on each MR image was visually
dentified and plotted onto the corresponding images of the brain of the normal

nfant monkey. These drawings were then imported into ImageJ® to measure
he surface area (in pixels) of damage to intended target area (hippocampus and
mygdala), as well as to unintended adjacent areas (entorhinal and perirhinal cor-
ex, parahippocampal areas TH/TF, areas TE, TEO and V2). For each intended
nd unintended structures in each hemisphere, the measured surface area on each
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ig. 2. Drawings of coronal sections through five levels of the amygdala of a n
olumn) and coronal fluid attenuated inversion recovery (FLAIR) magnetic reso
, amygdala; PiR, piriform cortex; for other abbreviations and details on the FL

ection was summed and then multiplied by image thickness (1 mm) to calcu-
ate a total volume of damage [50]. The volume of damage to each structure
intended or unintended) was then expressed as a percentage of the normal vol-
me (previously estimated from the normal infant rhesus monkey brain, using
imilar method) for that structure (see [83] for details).

For each animal of group Neo-Oasp, the extent of cortical removal was visu-
lly evaluated on each coronal MR images, using the pre- and post-surgical
SPGR scans. Using the same procedures as those described for groups Neo-

ibo and Neo-Aibo, the extent of cortical damage was first plotted onto matched
oronal images of the brain of the normal infant monkey, and percentage of
ntended damage to cortical areas 11 and 13, and to unintended damage to adja-
ent cortical fields (10, 14, 12, and Ia) were calculated.
.5. Behavioral procedure

.5.1. Apparatus
The two-choice discrimination task was performed into a large rectangu-

ar enclosure (3.2 m × 1.8 m × 2.1 m, Fig. 4), which was made of wire-mesh

t
s
w
e
d

l 1-week-old infant monkey brain depicting the intended damage in gray (left
e (MR) images at the corresponding levels for case Neo-Aibo-4 (right column).
scans see legend of Fig. 1.

back and front walls, ceiling, and floor) and clear Plexiglas (opposite side
alls) to allow video-recording during testing. This enclosure was divided into

our three-dimensional zones (front left, front right, back left and back right)
f 1.6 m × 0.9 m × 2.1 m each, relative to the position of the stimuli. A neu-
ral zone included the release cage, positioned securely in the center of the
ack zone, as well as the central pole with perches, positioned in the very cen-
er of the enclosure. In addition, the left and right front zones were further
ivided to include a proximity zone (0.7 m × 0.3 m × 0.9 m) just in front of each
f the stimuli located outside of the enclosure. To optimize visual exploration
etween the infant monkey and the stimuli, two transparent Plexiglas windows
30 cm × 50 cm) were positioned in the wall separating the stimuli (outside the
nclosure) from the monkey (inside the enclosure), in the middle of each prox-
mity zone (see Fig. 4B). When the infant monkey was in the proximity zones,

he wire mesh around both plastic windows allowed physical contacts with the
timuli. Finally, a door in the back zone allowed introduction of the animal,
ithin the release cage, inside the enclosure. A pulley system permitted the

xperimenter (hidden behind a curtain) to open the release cage door from a
istance (see Fig. 4B).
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Fig. 3. Drawings of coronal sections through three levels of the orbital frontal cortex of a normal 1-week-old infant monkey brain depicting the intended damage
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n gray (left column) and coronal post-surgical T1-weighted fast spoiled grad
eo-Oasp-6 (right column). Areas 11, 12, 13, 14, 25 and 32 are cytoachitecto
bbreviations: mos, medial orbital sulcus; los, lateral orbital sulcus. The white

.5.2. Stimuli
The principal human caregiver and another familiar human caregiver served

s stimuli. Though the principal human caregiver differed between the three
ohorts, the other familiar human caregiver remained the same for all subjects.

.5.3. Habituation period
At 9 months of age, infant monkeys of the same cohort were socialized

aily (1 h, 5 days a week, for approximately 2 months) in the large enclosure
o familiarize them with the handling procedures and testing environment. This
raining was performed by one of the experimenter (APG) to ensure that none
f the human stimuli to be used in the discrimination task could be seen in the
esting room by the infant monkeys.

.5.4. Discrimination task
At 11 months of age, each infant monkey received a 10 min discrimination

ask in the large enclosure, during which it could choose between the princi-
al human caregiver and another familiar human caregiver (Fig. 4). Before the
nset of the task, the human stimuli were notified to accept and reciprocate
hysical contact initiated by the infant monkey but to never initiate it. The two
uman stimuli then sat on the floor behind each Plexiglas window of the prox-
mity zone. The position (left or right) of the principal human caregiver was

andomized across animals. The animals were tested in a pre-determined order
ndependently of their experimental group. At the beginning of the task, after
he two stimuli were positioned, the infant monkey was brought into the release
age, and after 10 s, the door of the release cage was open from a distance by
he hidden experimenter and the monkey was allowed to freely explore the large

i
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FSPGR, see text for details) MR images at the corresponding levels for case
elds of the ventral frontal cortex as defined by Carmichael and Price (1994).
s (right column) indicate the borders of cortical damage.

nclosure for the 10 min session. The entire session was recorded with two dig-
tal video-camera recorders (Sony, model DCR-TRV 250) positioned in front of
ach of the two Plexiglas walls.

.5.5. Behavioral measures
The Observer Video-Pro Software (Noldus, Netherlands) (Noldus, 1991)

as used to collect behavioral data on each animal. Several parameters were
ecorded for each zone (proximity, back, front and neutral): frequency of visits
nd time spent in each zone, position relative to the stimuli (principal human
aregiver side or familiar human side) within each zone, latency to reach each
roximity zone as well as frequency of each type of vocalizations (coo, scream,
runt, bark and girn, see Table 1). In addition, in order to specify the type of
ehavior displayed by the animal while in proximity with the stimuli, three
ontact zones were also defined: human-contact, mesh/Plexiglas-contact and
o-contact (Table 1). Latencies, frequencies of visits and time spent in each of
hese contact zones were recorded for each animal. Finally, to directly assess
he preference for the principal human caregiver, an index of preference (IP,
efined by Goursaud and Nowak [46]) was calculated as follows: IP = (duration
f proximity with caregiver − duration of proximity with familiar human)/total
uration of proximity with both stimuli. The IP maximum value is +1 (all the
ime in proximity with the principal human caregiver) and its minimum value

s −1 (all the time in proximity with the other stimulus). Thus, a positive IP
alue signifies that the animal displays a preference for the principal human
aregiver, whereas a negative IP value indicates that the animal preferred the
ther stimulus (familiar human), and a null IP value signifies that the animal
xpressed no preference for either stimuli.
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Fig. 4. (A) Schematic representation of a top view of the enclosure used for
the two-choice discrimination task (A). Details of the experimental apparatus
and behavioral testing procedure are given in the text. (B) Photograph of the
side view of the testing enclosure. The dotted rectangular 3D box is a schematic
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Table 1
Definitions of proximity zones and vocalizations

Parameters Description

Proximity zones (states)
Human-contact In physical contact with the stimulus
Mesh/Plexiglas-contact In physical contact with wire mesh of the

enclosure or Plexiglas of the window but not
in contact with the stimulus

No-contact In proximity but not in contact with either the
stimulus, wire mesh of the enclosure, or
Plexiglas of the window

Vocalizations (events)
Coo Long duration call with initial rise then fall in

frequency; lips rounded and pursed (affiliative
vocalization to facilitate maternal retrieval)

Scream High-frequency and high intensity sound; lips
pulled back showing the teeth (fear/distress
call)

Grunt Soft and guttural, low frequency sound; mouth
closed (affiliative vocalization)

Bark Short, sharp and guttural, low frequency
sound; mouth wide open (aggressive
vocalization)

Girn Low frequency, soft, nasal whine. Lips are
closed or slightly open. Often given in bouts
(infant affiliative or contact vocalization, often
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epresentation of the left proximity zone and of the position of the Plexiglas
indow (see text for details).

.6. Statistical analysis

The data (first 2 min and total 10 min of the task) were analyzed using one-,
wo- and three-ways parametric multivariate analyses of variance. Group was
lways the between-subjects factor. The Huynh–Feldt correction for degree
f freedom was used for the repeated measures. Pairwise comparisons used
nivariate repeated analysis of variance and/or Bonferoni corrected t-tests, as
ppropriate. In addition, the index of preference (IP) was compared to chance
evel (i.e. IP value = 0) using one-sample paired t-tests. For data not normally
istributed, non-parametric Kruskal–Wallis, Mann–Whitney U-test or Wilcoxon
igned ranks test were used as appropriate. Pearson correlation test was used
o assess relationship between percent tissue damaged and IP values. For all
nalyses, significance was set at p ≤ 0.05 (two-tailed). Yet, given the small sam-
le size in each group, values of p between 0.05 and 0.08 were also reported
nd considered as showing a tendency toward significance. Since the analy-
is of the first 2 min of the discrimination task gave results similar to that of
he total 10 min, only the results for the total 10 min sessions are presented

elow.

Finally, a first set of analysis led us to exclude one animal from group Neo-
from all further analysis. This infant monkey was born prematurely, had a

lower maturational rate than the other monkeys of the group, and displayed no
referential attachment responses in the discrimination task.

3

f

emitted when reunion with conspecifics,
especially mother)

. Results

.1. Assessment of lesion extent

Table 2 displays for each monkey the volume of damage
stimated from the FLAIR MR-images in groups Neo-Hibo and
eo-Aibo and from the structural T1-weighed images for group
eo-Oasp.

.1.1. Group Neo-Hibo
The extent of hippocampal damage across the two hemi-

pheres ranged from 3.9% to 87.4% (average: 48.1%). Cases
eo-Hibo-2 and Neo-Hibo-3 had extensive (mean X: 77.5%) and

ymmetrical (mean W: 59.8%) lesions. Fig. 1 (right column) dis-
lays coronal FLAIR images through the hippocampus lesion
n case Neo-Hibo-3. Three cases (Neo-Hibo-1, Neo-Hibo-4 and
eo-Hibo-5) had a moderate (mean X: 43.2%) and asymmetri-

al (mean W: 11%) lesions, with extensive damage on one side
mean X: 71.8%) but less on the other side (mean X: 14.6%).
he sparing included the hippocampus almost entirely on the

ight for case Neo-Hibo-1, and the medial portion of the body
nd/or the uncus on the left for cases Neo-Hibo-4 and Neo-Hibo-
. Finally, case Neo-Hibo-6 had no damage to the hippocampus
ilaterally, except for minor damage (<8%) to the most anterior
ortion of the left hippocampus. Damage to the adjacent cortical
reas or the amygdala was negligible in all cases (see Table 2).
.1.2. Group Neo-Aibo
The extent of bilateral amygdala damage in all cases ranged

rom 47.1% to 76.0% (average: 62.5%). Fig. 2 (right column)
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Table 2
Intended and unintended damage after neurotoxic lesions of the hippocampus (Neo-Hibo) and amygdala (Neo-Aibo) and aspiration lesions of the orbital frontal cortex (Neo-Oasp)

Group Intended damage Unintended damage

Subjects Symbolsa Hippocampus Amygdala TH/TF TE ERh PRh

L% R% X% W% L% R% X% W% L% R% X% W% L% R% X% W% L% R% X% W% L% R% X% W%

Neo-Hibo

Neo-Hibo-1 � 63.6 2.9 33.2 1.8 14.0 0.0 7.0 0.0 3.1 0.5 1.8 0.0 0.0 0.0 0.0 0.0 2.6 0.0 1.3 0.0 0.0 0.0 0.0 0.0
Neo-Hibo-2 � 54.4 80.9 67.6 44.0 0.0 0.0 0.0 0.0 21.4 2.7 12.1 0.6 0.6 0.0 0.3 0.0 0.0 0.0 0.0 0.0 5.4 0.5 2.9 0.0
Neo-Hibo-3 � 78.5 96.3 87.4 75.6 1.7 0.0 0.8 0.0 6.1 5.5 5.8 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Neo-Hibo-4 × 20.3 67.3 43.8 13.6 0.0 4.7 2.4 0.0 15.3 0.0 7.6 0.0 1.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Neo-Hibo-5 � 20.7 84.4 52.6 17.5 0.0 4.9 2.4 0.0 6.1 4.0 5.1 0.2 0.0 0.0 0.0 0.0 0.0 1.5 0.7 0.0 0.0 0.5 0.3 0.0
Neo-Hibo-6 + 7.9 0.0 3.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Mean 40.9 66.4 48.1 25.4 2.6 1.6 2.1 0.0 8.7 2.1 5.4 0.2 0.3 0.0 0.1 0.0 0.4 0.2 0.3 0.0 0.9 0.2 0.5 0.0

Group Intended damage Unintended damage

Subjects Symbolsa Amygdala Hippocampus ERh PRh TE TG

L% R% X% W% L% R% X% W% L% R% X% W% L% R% X% W% L% R% X% W% L% R% X% W%

Neo-Aibo

Neo-Aibo-1 � 89.0 59.8 74.4 53.2 5.1 3.1 4.1 0.2 0.1 4.7 2.4 0.0 2.0 10.1 6.0 0.2 0.0 1.8 0.9 0.0 6.5 35.0 20.7 2.3
Neo-Aibo-2 � 42.0 77.6 59.8 32.6 0.0 0.8 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Neo-Aibo-3 � 33.0 61.1 47.1 20.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Neo-Aibo-4 × 62.1 90.0 76.0 55.9 1.9 3.0 2.4 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Neo-Aibo-5 � 41.2 66.6 53.9 27.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Neo-Aibo-6 + 52.1 75.6 63.8 39.3 5.6 10.3 8.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Mean 53.2 71.8 62.5 38.1 2.1 2.9 2.5 0.1 0.0 0.8 0.4 0.0 0.3 1.7 1.0 0.0 0.0 0.3 0.2 0.0 1.1 5.8 3.5 0.4

Group Intended damage Unintended damage

Subjects Symbolsa Area 11 Area 13 Area 12 Area 14 Ia

L% R% X% W% L% R% X% W% L% R% X% W% L% R% X% W% L% R% X% W%

Neo-Oasp

Neo-Oasp-1 � 80.5 92.7 86.6 74.7 93.0 73.5 83.3 68.4 40.2 11.0 25.6 4.4 8.0 10.2 9.1 0.8 11.6 3.4 7.5 0.4
Neo-Oasp-2 � 62.6 95.6 79.1 59.9 99.3 100 99.6 99.3 9.3 1.4 5.4 0.1 31.9 6.8 19.4 2.2 78.5 57.7 68.1 45.3
Neo-Oasp-3 � 98.7 100 99.4 98.7 94.0 82.4 88.2 77.4 22.3 21.6 22.0 4.8 18.7 11.6 15.1 2.2 16.5 13.8 15.1 2.3
Neo-Oasp-4 × 84.1 93.9 89.0 79.0 87.3 95.6 91.4 83.4 2.8 4.0 3.4 0.1 9.7 12.6 11.2 1.2 82.5 64.6 73.6 53.3
Neo-Oasp-5 � 84.0 98.9 91.5 83.1 96.8 97.2 97.0 94.1 18.5 22.8 20.6 4.2 6.5 11.0 8.8 0.7 87.0 67.8 77.4 59.0
Neo-Oasp-6 + 58.1 61.2 59.6 35.5 84.0 77.0 80.5 64.7 11.2 6.0 8.6 0.7 13.7 6.8 10.2 0.9 99.9 65.8 82.9 65.8

Mean 78.0 90.4 84.2 71.8 92.4 87.6 90.0 81.2 17.4 11.2 14.3 2.4 14.7 9.8 12.3 1.3 62.7 45.5 54.1 37.7

Mean: average damage per group; L%: percent damage in the left hemisphere; R%: percent damage in the right hemisphere; X%: average damage to both hemispheres; W%: weighted average damage to both
hemispheres (W% = (L% × R%)/100). ERh: entorhinal cortex; Ia: insular area; PRh: perirhinal cortex; TE, TH/TF and TG: ventral cortical areas of the temporal lobe. Closed and open symbols represent females and
males, respectively.

a These symbols are used in Fig. 7 to represent each individual.
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4 A.-P.S. Goursaud, J. Bachevalier / Beh

hows the extent of amygdala damage in a representative case
Neo-Aibo-4). For three cases (Neo-Aibo-1, Neo-Aibo-4 and Neo-

ibo-6), the damage was substantial and symmetrical (mean:
5.1% and 67.7% in the right and left, respectively). The spar-
ng in these three cases included the medial aspect of the
ight amygdala in case Neo-Aibo-1, the dorsal region anteri-
rly and the ventral region posteriorly of the left amygdala
n case Neo-Aibo-4 (see Fig. 2, right column), and the ante-
ior portion as well as the lateral region more posteriorly of
he left amygdala in case Neo-Aibo-6. The remaining three
ases (Neo-Aibo-2, Neo-Aibo-3 and Neo-Aibo-5) had moder-
te and asymmetrical amygdala damage, ranging from 33.0%
o 42.0% in the left side and 61.1–77.6% in the right side.
inally, extent of unintended damage to the adjacent cortical
reas and the anterior portion of the hippocampus was neg-
igible for all cases, except for case Neo-Aibo-1 for which
nintended damage also included the ventral portion of the
ight claustrum and bilaterally the tail of the putamen and
f the caudate nucleus just above the anterior portion of the
ippocampus.

.1.3. Group Neo-Oasp

All six cases with orbital frontal lesions had complete and
ymmetrical damage of areas 11 and 13 (average: 84.2% and
0.0%, respectively). Fig. 3 (right column) displays coronal T1

mages through the orbital frontal cortex lesion in case Neo-Oasp-
. Unintended damage to adjacent cortical areas or to the white
atter beneath the cortex was negligible, except for area 12 on

he left side (40.2%) in case Neo-Oasp-1 and area Ia bilaterally

a
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able 3
eneral activity and vocalizations

Neo-C (N = 5) Neo-Hibo

urations (s)
Total proximity 161.84 ± 56.36 132.82 ±
Total front 100.59 ± 23.26 150.99 ±
Total back 208.52 ± 49.14 153.14 ±
Total neutral 129.05 ± 26.68 163.04 ±

requencies
Total proximity 29.20 ± 9.87 20.83 ±
Total front 67.20 ± 15.78 36.67 ±
Total back 54.20 ± 12.61 26.00 ±
Total neutral 34.60 ± 7.59 24.50 ±
Total zones crossed 185.20 ± 28.01 108.00 ±

ength of bouts (s)
Total proximity 5.24 ± 1.98 8.83 ±
Total front 3.13 ± 1.17 17.43 ±
Total back 7.81 ± 1.94 12.48 ±
Total neutral 4.27 ± 1.33 6.44 ±

ocalization frequencies
Total vocalizations 223.80 ± 41.57 296.33 ±
Coo 127.00 ± 18.19 174.83 ±
Scream 60.20 ± 26.47 67.00 ±
Grunt 1.80 ± 1.36 0.33 ±
Bark 11.60 ± 4.84 7.67 ±
Girn 23.20 ± 6.30 46.50 ±

otes: The values represent the means ± S.E.M.
al bilateral neurotoxic lesion of the hippocampus), group Neo-Aibo (animals
ith neonatal bilateral neurotoxic lesion of the amygdala) and group Neo-Oasp

animals with neonatal bilateral aspiration lesion of the orbital frontal cortex).

n cases Neo-Oasp-2, Neo-Oasp-4, Neo-Oasp-5 and Neo-Oasp-6
mean: 75.5%).

.2. Ponderal growth, general activity, and vocalizations

All animals, independently of the lesion, had a similar growth
ge effect: F(Huynh–Feldt: 9,10.5) = 47.743; p < 0.001; see Fig. 5). In
ddition, none of the lesions significantly affected exploration
f each zone (proximity, front, back, and neutral) or motor and
ocal activities (p > 0.05 in all cases; see Table 3).

(N = 6) Neo-Aibo (N = 6) Neo-Oasp (N = 6)

19.33 130.53 ± 49.24 153.36 ± 72.02
66.99 119.81 ± 24.72 118.91 ± 20.15
33.35 211.41 ± 33.46 191.55 ± 46.61
39.22 138.24 ± 26.08 136.18 ± 32.72

6.71 26.83 ± 8.98 31.33 ± 7.19
10.98 60.00 ± 15.85 77.50 ± 19.77
6.38 48.83 ± 7.17 54.17 ± 16.61
5.67 33.00 ± 5.68 26.00 ± 6.22
26.17 168.67 ± 34.22 189.00 ± 43.24

2.52 6.28 ± 1.73 13.20 ± 8.59
12.39 5.23 ± 1.67 4.09 ± 1.28
2.47 10.58 ± 2.07 9.55 ± 3.32
0.61 4.71 ± 1.13 5.50 ± 1.66

94.34 207.17 ± 62.86 147.67 ± 40.13
48.59 91.00 ± 40.10 78.17 ± 31.13
37.14 26.00 ± 19.32 13.50 ± 12.12
0.21 0.33 ± 0.33 0.33 ± 0.33
4.93 17.33 ± 8.08 6.17 ± 2.33
22.23 72.50 ± 34.61 49.50 ± 23.62
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Table 4
Discrimination scores

Neo-C (N = 5) Neo-Hibo (N = 6) Neo-Aibo (N = 6) Neo-Oasp (N = 6)

Latencies (s)
Proximity caregiver 88.38 ± 57.84 182.70 ± 40.38 140.28 ± 73.29 34.85 ± 10.90
Proximity familiar 288.59 ± 108.94 600.00 ± 151.92 355.15 ± 82.61 140.52 ± 75.15

Durations (s)
Proximity caregiver 149.31 ± 50.61 125.40 ± 19.08 125.39 ± 48.85 134.36 ± 73.93
Proximity familiar 12.53 ± 9.65 7.42 ± 3.42 5.14 ± 1.54 19.00 ± 3.62

Front caregiver 82.29 ± 21.47 117.61 ± 72.07 84.40 ± 14.15 72.20 ± 13.64
Front familiar 18.30 ± 6.27 33.39 ± 11.94 35.41 ± 12.45 46.70 ± 9.33

Back caregiver 168.35 ± 38.68 65.57 ± 35.06 130.99 ± 29.10 120.14 ± 27.11
Back familiar 40.17 ± 12.59 87.57 ± 27.15 80.43 ± 7.45 71.41 ± 24.94

Frequencies
Proximity caregiver 23.20 ± 6.92 17.33 ± 5.34 24.00 ± 8.57 20.17 ± 5.30
Proximity familiar 6.00 ± 3.41 3.50 ± 1.50 2.83 ± 0.79 11.17 ± 3.05

Front caregiver 48.40 ± 10.72 24.33 ± 6.63 45.00 ± 12.58 45.50 ± 11.77
Front familiar 18.80 ± 5.62 12.33 ± 4.88 15.00 ± 3.70 32.00 ± 8.88

Back caregiver 38.00 ± 7.94 12.33 ± 3.84 33.50 ± 5.05 31.33 ± 9.30
Back familiar 16.20 ± 5.00 13.67 ± 5.20 15.33 ± 3.05 22.83 ± 8.19

Length of bouts (s)
Proximity caregiver 5.39 ± 1.30 10.45 ± 2.75 5.09 ± 0.65 11.16 ± 8.58
Proximity familiar 1.00 ± 0.52 1.68 ± 0.68 2.00 ± 0.82 2.04 ± 0.45

Front caregiver 2.14 ± 1.03 14.31 ± 12.77 2.74 ± 0.93 2.33 ± 0.96
Front familiar 0.99 ± 0.19 3.11 ± 1.20 2.49 ± 0.82 1.76 ± 0.36

Back caregiver 5.05 ± 1.50 4.45 ± 2.40 4.69 ± 1.21 5.96 ± 2.87
Back familiar 2.77 ± 0.47 8.03 ± 1.69 5.88 ± 0.89 3.58 ± 0.59
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.3. Discrimination scores and behaviors in the proximity
one

To investigate whether the animals discriminated the two
timuli and had a preference for the principal human caregiver,
e compared for each zone the duration, frequency and length
f bout on the side of the principal human caregiver to that
n the side of the familiar human, and calculated the latency
o reach each proximity zone (Table 4 and Fig. 6). All ani-
als reached the proximity zone on the side of the principal

uman caregiver faster than that of the familiar human (stim-
lus effect: F(1,19) = 12.943, p = 0.002) and remained in prox-
mity with the principal human caregiver for similar amount
f time (group effect: F(3,19) = 1.294; p = 0.305). Animals in
ll groups also entered more often (location × stimulus inter-
ctions: F(1,22) = 13.155, p = 0.001; F(1,22) = 31.196, p < 0.001;
(1,22) = 28.510, p < 0.001, for the frequencies in the back,

ront and proximity zones, respectively) and spent more
ime (location × stimulus interactions: F(1,22) = 5.810, p = 0.025;
(1,22) = 7.273, p = 0.013; F(1,22) = 25.160, p < 0.001, for the
urations in the back, front and proximity zones, respectively,
ee Fig. 6) on the side of the principal human caregiver than

n the side of the familiar human. Finally, all animals dis-
layed more frequent contacts (no-contact, mesh/Plexiglas-
ontact and human-contact) in the proximity zone on the side
f the principal human caregiver than on that of the famil-

p
g
g
e

r; familiar = familiar human caregiver.

ar human (Table 5). This was confirmed by significant inter-
ctions between location and stimulus or the three contact
ones (F(1,22) = 27.130, p < 0.001; F(1,22) = 28.291, p < 0.001
nd F(1,22) = 11.533, p = 0.003, for no-contact, mesh/Plexiglas-
ontact and human-contact zones, respectively). In addition, all
nimals reached the contact zones on the side of the princi-
al human caregiver significantly faster than those on the side
f the familiar human (group Neo-Hibo: p = 0.028, for both
esh/Plexiglas-contact and human-contact zones; group Neo-
ibo: p = 0.028, for both mesh/Plexiglas-contact and no-contact

ones; and group Neo-Oasp: p = 0.068, for human-contact zone
nly). Interestingly, although five of the six subjects in group
eo-Oasp reached the mesh/Plexiglas-contact zone on the side
f the familiar human, only one subject in group Neo-C and
hree in both groups Neo-Aibo and Neo-Hibo did reach this zone
Table 5).

.4. Index of preference

The index of preference (Fig. 7) clearly confirmed that
ll groups were not only able to discriminate their principal
uman caregiver from a familiar human, but also displayed a

reference for the former (IP mean ± S.E.M.: 0.84 ± 0.08 for
roup Neo-C; 0.88 ± 0.05 for group Neo-Hibo; 0.87 ± 0.05 for
roup Neo-Aibo, and 0.40 ± 0.20 for group Neo-Oasp). How-
ver, this preference was weaker for group Neo-Oasp (group
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Fig. 6. Duration (mean ± S.E.M.) in seconds (s) in the back, front and proximity
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ones on the side of the principal human caregiver (black bars) and the familiar
uman (white bars) across all four groups, and in the proximity zone for each
eparate group. Abbreviations as in Fig. 5.

ffect: F(3,19) = 4.078; p = 0.022). Thus, group Neo-Oasp had a
ignificantly lower mean IP than groups Neo-Aibo and Neo-Hibo
p = 0.056 and p = 0.047, respectively). In addition, the mean IP
alues were significantly greater than chance for groups Neo-C,
eo-Hibo and Neo-Aibo (t(4) = 10.729, p < 0.001; t(5) = 17.912,
< 0.001 and t(5) = 16.324, p < 0.001, respectively), but not for
roup Neo-Oasp (t(5) = 1.954, p = 0.108). It is also interesting
o note that the only group for which the individual IP val-
es varied greatly was group Neo-Oasp (Fig. 7). Thus, although
ases Neo-Oasp-2, Neo-Oasp-4, and Neo-Oasp-5 displayed a sig-
ificant preference for the principal human caregiver (mean
P = 0.80; t(2) = 9.014, p = 0.006), case Neo-Oasp-1 displayed a
eaker preference for the principal human caregiver (IP = 0.36;

(2) = 4.941, p = 0.019), case Neo-Oasp-6 showed no prefer-
nce for either stimulus (IP = −0.06), whereas case Neo-Oasp-3
howed a weak preference for the familiar human (IP = −0.31).

inally, when cases Neo-Oasp-3 and Neo-Oasp-6 were removed
rom the analysis, the mean IP of group Neo-Oasp became pos-
tive and significantly greater than chance (IP = 0.69 ± 0.13,
(3) = 5.465, p = 0.006). Furthermore, the group effect disap-

n

a

ig. 7. Bars represent the average index of preference for each group and
ymbols (see Table 2 for details) depict individual index of preference values.
bbreviations as in Fig. 5.

eared (F(3,17) = 1.284, p = 0.312). For all groups, there were
o significant correlation between the index of preference and
xtent of lesion, as well as no effect of sex.

. Discussion

The present experiment revealed several important findings.
irst, sham-operated infant monkeys separated from their bio-

ogical mother in the first few days of life and reared by human
aregivers together with high level of socialization with age-
atched peers and regular cognitive testing and human han-

ling, are able to develop a clear preference for their principal
uman caregiver as compared to another familiar human. Sec-
nd, neonatal bilateral lesion of the amygdala or hippocampus
n monkeys separated from their biological mother in the first
ew days of life and reared by human caregivers and age- and
ex-matched peers did not affect the expression of social dis-
riminative capacities and preference for the principal human
aregiver. Third, neonatal bilateral lesion of the orbital frontal
ortex did not preclude preference for the human caregiver
lthough it affected the strength and/or quality of the relation-
hip with the principal human caregiver. These findings as well
s their relevance for autism are discussed below.

.1. Social preference for the principal human caregiver in

ursery-reared sham-operated infant monkeys

The rearing conditions used in this study, although species-
typical, were adequate and sufficient for the development of a
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Table 5
Contact behavior in the proximity zone

Neo-C (N = 5) Neo-Hibo (N = 6) Neo-Aibo (N = 6) Neo-Oasp (N = 6)

Latencies (s)
No-contact caregiver 88.31 ± 57.85 40.41 ± 28.49 130.10 ± 69.56 34.84 ± 10.88
No-contact familiar 288.53 ± 108.96 151.85 ± 90.06 315.52 ± 96.68 140.41 ± 75.17

Mesh/Plexiglas caregiver 155.51 ± 111.54 101.57 ± 52.20 166.41 ± 87.68 72.22 ± 29.39
Mesh/Plexiglas familiar 492.11 ± 107.89 405.62 ± 88.87 513.35 ± 46.63 270.90 ± 93.75

Contact caregiver 326.65 ± 113.17 255.92 ± 52.92 370.78 ± 114.26 298.44 ± 110.38
Contact familiar 520.43 ± 79.57 564.95 ± 35.05 600.00 ± 0.00 600.00 ± 0.00

Durations (s)
No-contact caregiver 51.71 ± 17.07 47.75 ± 6.01 51.90 ± 14.09 34.13 ± 10.57
No-contact familiar 5.68 ± 3.28 5.73 ± 3.03 4.30 ± 1.72 16.05 ± 3.15

Mesh/Plexiglas caregiver 67.40 ± 27.24 63.50 ± 18.38 56.50 ± 25.42 41.67 ± 19.57
Mesh/Plexiglas familiar 5.17 ± 5.17 2.36 ± 1.27 1.93 ± 1.06 5.97 ± 2.69

Contact caregiver 34.60 ± 20.58 16.50 ± 4.54 19.67 ± 12.29 62.00 ± 55.69
Contact familiar 2.72 ± 2.72 0.16 ± 0.16 0.00 ± 0.00 0.00 ± 0.00

Frequencies
No-contact caregiver 33.60 ± 11.40 21.83 ± 4.18 31.67 ± 11.41 24.83 ± 6.51
No-contact familiar 6.80 ± 4.06 4.67 ± 2.01 3.17 ± 0.95 13.00 ± 3.08

Mesh/Plexiglas caregiver 22.00 ± 8.54 15.33 ± 2.76 18.67 ± 7.49 12.33 ± 4.16
Mesh/Plexiglas familiar 3.40 ± 3.40 1.17 ± 0.54 1.00 ± 0.52 2.67 ± 0.80

Contact caregiver 4.40 ± 2.04 2.67 ± 0.56 5.33 ± 3.65 3.00 ± 1.59
Contact familiar 0.60 ± 0.60 0.17 ± 0.17 0.00 ± 0.00 0.00 ± 0.00

Lenght of bouts (s)
No-contact caregiver 5.63 ± 3.32 2.82 ± 1.37 4.93 ± 2.11 1.51 ± 0.39
No-contact familiar 3.45 ± 3.22 0.69 ± 0.19 1.32 ± 0.78 1.67 ± 0.50

Mesh/Plexiglas caregiver 1.32 ± 0.47 2.83 ± 0.25 6.59 ± 3.65 1.98 ± 0.31
Mesh/Plexiglas familiar 0.10 ± 0.10 0.86 ± 0.52 1.72 ± 1.23 2.11 ± 1.03

Contact caregiver 1.52 ± 0.87 5.80 ± 2.08 1.03 ± 0.57 3.44 ± 1.87
Contact familiar 0.31 ± 0.31 0.09 ± 0.09 0.00 ± 0.00 0.00 ± 0.00

Notes: The values represent the mean ± S.E.M. caregiver = principal human caregiver; familiar = familiar human caregiver; no-contact = no-contact zone (in proximity
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ut not in contact with either wire mesh of the enclosure, Plexiglas of the wind
hysical contact with wire mesh of the enclosure or Plexiglas of the window b
roximity and in physical contact with one of the human stimuli).

lial attachment with a being from a different primate species, as
ndicated by the clear preference for their principal human care-
iver over the familiar human, during the discrimination task.
he newborn primate has the propensity to assimilate the first
gent it encounters into a “maternal schema” with whom it will
rogressively develop a filial attachment [75,76]. Although this
gent is generally the biological mother, in its absence, infant
onkeys will develop substitute attachment to objects or other

onspecifics [20,54] or heterospecific individuals, such as dogs
75] or, as in the present study, a principal human caregiver.
or nursery-reared infant monkeys, using a human being as

he attachment figure has several advantages. First, a human
aregiver can provide response-contingence stimulations to the
nfant monkeys in probably the closest fashion from that pro-
ided by the biological mother [103]. For instance, a human
aregiver can reward species-typical behaviors and discipline

nsuitable behaviors more appropriately than other beings, such
s age-matched peers or dogs. Second, human caregivers trained
o provide care to infant monkeys can be used for all animals
nvolved in a single study, reducing the individual variability

b
o
s
o

stimulus); mesh/Plexiglas = mesh/Plexiglas-contact zone (in proximity and in
t in contact with one of the human stimuli); contact = human-contact zone (in

ccurring from different mothering styles in biological moth-
rs [6,43,44,72,109]. Maternal style has been shown to influ-
nce the behavioral and cognitive development of the offspring
10,43,105]. Thus, reduction in inter-individual variability is
ritical specifically in developmental research in non-human pri-
ates that generally involves small sample sizes.
When normally reared by their biological mother, infant

onkeys spent the first two postnatal months in ventro-ventral
ontact, during which time they develop a secure attachment
ith their mother and progressively acquire independence and

pecies-typical socio-emotional competences over the next 4–6
onths (see [47,113] for reviews). The present rearing condi-

ions differ from such species-typical rearing conditions, espe-
ially in terms of the regular separations (nights and week-ends)
rom the principal caregiver. Earlier studies have shown that
epetitive separations from the mother in mother-reared infants

etween the 3rd and 9th months of life induced an avoidance
f the mother during preference tests at 1.5 year of age [114],
uggesting that the multiple separations impaired the devel-
pment of an attachment to the biological mother and even
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nduced an aversion for it. By contrast, in the present study,
espite the separations from the human caregiver during the
ights and week ends, the sham-operated infants displayed a
lear preference for the principal human caregiver as compared
o another familiar human caregiver, suggesting that the fre-
uent separations did not significantly affect the development of
he early social attachment. Thus, the high level of daily social
nteractions with familiar humans and peers, cognitive testing
nd human handling counterbalanced the potentially negative
ffect of the routine separations from the primary caregiver.
he findings obtained in the sham-operated monkeys are clearly

mportant for primate developmental and behavioral research
n which infant monkeys need to be reared independently from
heir mothers. Yet, although these control animals appeared to
ave developed an attachment to their principal human care-
iver, their pattern of attachment may not be entirely typical
nd similar to that of mother-reared infant monkeys. Thus, sim-
lar to the findings on institutionalized children that show that,
lthough these children are able to form specific attachment, they
xpress it in disordered/disorganized fashion, leading to later
ocio-emotional problems and eventually psychopathologies
29,119,127,129], the sham-operated monkeys of the present
tudy might display greater socio-emotional problems later in
ife as compared to mother-reared infants. Ongoing studies on
hese same sham-operated animals are evaluating the effect of
he particular rearing conditions described here on the devel-
pment of socio-emotional abilities and emotional reactivity to
hreatening stimuli in adolescence and adulthood.

.2. Intact social preference after neonatal lesion of the
ippocampus or amygdala

Like sham-operated monkeys, those with neonatal hippocam-
al or amygdala lesions discriminated the two stimuli and dis-
layed a clear preference for the principal human caregiver over
familiar human caregiver. The sparing of social discrimination
fter neonatal hippocampal lesions confirmed that observed pre-
iously [12] in 6-month-old infant monkeys with neonatal lesion
f the hippocampus in discrimination tasks opposing the bio-
ogical mother to a familiar monkey. By contrast, the sparing
f social discrimination after neonatal amygdala lesions differs
rom the weaker preference for the mother obtained by Bau-
an et al. [12]. Although in this later study amygdala-operated

nfant monkeys approached their mother first and more fre-
uently than the other stimulus, they spent less time in proximity
ith their biological mother, maintained a greater distance away

rom her but a closer distance from the other monkey stimulus
nd displayed less distress vocalizations than the control and
ippocampus-operated animals. Several possible factors could
xplain the different results in the two studies. The first fac-
or relates to the age of the infants at testing, i.e. 6-month-old
n Bauman et al. [12] and 11-month-old in the present study.
ormally, by 3 months of age, infant monkeys are the primary
esponsible for maintaining proximity and physical contact with
heir mother, suggesting that by this age they have established
preferential and exclusive relationship with their mother (see

112] for review). Because social attachment in early infancy

t
t
a
T

ral Brain Research 176 (2007) 75–93

equires several cognitive processes linking sensory inputs to
otor outputs, including motivation, attention, memory and

ocial recognition [22], it is possible that the development of one
r more of these cognitive processes could have been delayed
y neonatal amygdala lesion, and resulted in a protracted forma-
ion of this early social bond. However, such explanation seems
nlikely. Indeed, although the amygdala-operated monkeys in
auman et al. [12] did not maintain proximity with their mother
uring the discriminations tasks, they spent more time in con-
act with their mother than their controls in all other familiar and
ocial situations, between 4 and 6 months old, suggesting that
y this age, they had developed all cognitive skills to maintain
he bond with the mother.

The second more likely factor relates to the familiarity of the
nfant monkeys with the experimental environment. In poten-
ially threatening novel situations, infant monkeys seek reassur-
nce and maintain contact with their attachment figure [54,77].
owever, selective amygdala lesions in infancy or adulthood
ave been shown to increase exploratory behaviors to novel
timuli [59,61,80,90,111]. Thus, as discussed by Bauman et
l. [12], an inability to detect potential danger in a novel envi-
onment and with an unfamiliar monkey stimulus could have
eightened exploration and reduced proximity to the mother
n the amygdala-operated infant monkeys, especially since in
ther, more familiar, experimental settings the same neona-
ally amygdala-operated monkeys did recognize their mother
nd displayed normal mother–infant relationship. By contrast,
n the present study, the amygdala-operated infant monkeys
ere placed in a familiar environment and in the presence of

amiliar stimuli, thus reducing their propensity to explore the
ovel environment and stimuli and enhancing the expression
f proximity-maintaining behaviors with and preference for the
rincipal human caregiver.

The final possible factor is the presence or absence of physi-
al contact allowed with the stimuli, and especially the mother,
r principal human caregiver, during the discrimination tasks.
nfant monkeys in the Bauman et al. study [12] could not
nter in physical contacts with the stimuli, while in the present
tudy they could seek physical contacts through the wire mesh
f the cage. The absence of possible physical contacts with
he biological mother could have increased frustration in the
mygdala-operated infant monkeys, and, in a certain extent,
esulted in avoidance of the mother. Supporting this claim,
hysical contacts seem to be a particularly important aspect
f the mother–infant relationship in 6-month-old infant mon-
eys with neonatal amygdala lesion, since increased duration of
ontact with the mother, was the only measure that differenti-
ted these animals from sham-operated controls, in all familiar
ocial situations [12]. In addition, during dyadic interactions
ith other age-matched infants, amygdala-operated infants dis-
layed higher frustration/irritation behaviors, such as temper
antrums, when their partners were trying to break physical con-
acts [90]. Whatever the reasons explaining these differences,

he findings in both studies demonstrate that early damage to
he amygdala or hippocampus does not drastically alter filial
ttachment either in nursery-reared or mother-reared monkeys.
hese data also suggest that the atypical rearing conditions used
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n the present study provide a promising model to assess the
eural basis of filial attachment in primates.

.3. Weaker social preference after neonatal lesion of the
rbital frontal cortex

Infant monkeys with neonatal orbital lesions clearly discrim-
nated both stimuli and displayed a preference for the principal
uman caregiver as opposed to a familiar human. However, the
reference index was weaker in this group than in all other
xperimental groups, suggesting that perhaps the strength and/or
uality of the relationship with the principal human caregiver
ay have been affected by the neonatal lesion. Yet, the weaker

reference for the human caregiver in group Neo-Oasp was only
ue to three out of the six subjects. Several explanations may
ccount for the absence of preference for the principal human
aregiver in these three subjects. The first possibility relates
o the extent of damage to the orbital frontal cortex and/or
nadvertent damage to adjacent cortical areas. However, like in
he other experimental groups, no relations between extent of
esion and expression of a preference for the principal human
aregiver were found. Specifically, case Neo-Oasp-3 and Neo-
asp-6, which showed no preference for the principal human

aregiver, had as extensive damage into areas 11 and 13 than
ase-Oasp-5, which displayed a strong preference for the prin-
ipal human caregiver. Nevertheless, because the orbital frontal
esions were more complete than the neurotoxic amygdala and
ippocampal lesions, it remains possible that the lack of effects
ollowing the amygdala and hippocampal lesions could have
esulted from incomplete lesions. This is also unlikely since
he two cases with the most complete amygdala (Neo-Aibo-1
nd Neo-Aibo-4) and hippocampal (Neo-Hibo-2 and Neo-Hibo-3)
esions displayed as strong preference for the principal caregiver
s those with the least extended lesions (see Fig. 7). Another
xplanation relates to individual temperament and/or preference
or the human caregiver. The three operated animals that did not
how a preference for the principal human caregiver might in
act have developed a stronger attachment to other caregivers
egularly present in the primate nursery, including the familiar
uman stimulus participating in the experiment described here.
ndeed, Case Neo-Oasp-3 (Fig. 7) showed a stronger preference
or the familiar human stimulus than for the principal human
aregiver. Nonetheless, it is surprising that only some animals
n group Neo-Oasp, but none in the other experimental groups,
ould have shown such individual preference.
A final and more likely explanation is related to the involve-

ent of the orbital frontal cortex in self-regulation of social and
motional behaviors, including impulsiveness or behavioral dis-
nhibition [8], especially in situations that could induce negative
onsequences [19]. Interestingly, five of the six animals in group
eo-Oasp (83.3%) reached the mesh/Plexiglas proximity zone
n the side of the familiar human, whereas only one monkey in
roup Neo-C (16.6%), and three in both groups Neo-Aibo and

eo-Hibo (50.0%) did reach this zone. This pattern of results

ndicates that, although infant monkeys with neonatal orbital
rontal lesions appeared to have developed a social attachment
ith the principal human caregiver, they were more likely to

d

o

ral Brain Research 176 (2007) 75–93 89

xplore the proximity zone of the familiar human stimulus than
ll other infant monkeys, suggesting perhaps greater disinhibi-
ion or impulsivity. Interestingly, such social disinhibition have
een observed in institutionally-reared human infants as evi-
enced by their indiscriminate friendliness (even with strangers),
hat persisted even after adoption in families and even after
hey had developed a discriminative attachment with their new
oster/adoptive parents [29,84,110,128,129]. In addition, when
ssessed at 8.8 years of age, these post-institutionalized adopted
hildren showed significantly decreased metabolic activity in
everal brain regions, including the orbital frontal cortex bilat-
rally, as compared to normal adults and age-matched epileptic
hildren [30]. Hence, an involvement of the orbital frontal cor-
ex in socio-emotional self-regulation processes, but not in the
irect development of filial attachment, is an attractive explana-
ion of the present data, especially when considering the func-
ional development of the orbital frontal cortex. Thus, the orbital
rontal cortex in humans has a protracted functional maturation,
ith some functions appearing between 1 and 2 years of life and

ome others continuing to mature until adulthood [52,85]. In
ddition, cognitive deficits (object discrimination reversal and
elayed-response) after early orbital frontal cortex lesions (8
eeks) in monkeys emerged around 15 months of age in few ani-
als but affected all animals only at 18 months of age [45]. These

ata suggest not only that the behavioral effects of early damage
o the orbital frontal cortex may remain silent until a time when
t normally becomes functional [8,42,60,70,71], but also that
he age at which orbital frontal cortex becomes functional varies
etween individuals. Thus, it is possible that, in the present study
n which filial attachment was assessed at an age (11 months of
ge) when the orbital frontal cortex begin to attain functional
aturity, only few animals showed a weaker preference for the

rincipal human caregiver, suggestive of an emergence of impul-
ivity and disinhibition. Such an interpretation of our results
orresponds well with the protracted and increasingly more
evere social self-regulation deficits (impulse control) seen in
hildren with early damage to the prefrontal cortex, including the
rbital frontal cortex [42]. Thus, the orbital frontal cortex, via its
ritical involvement in self-regulatory processes, may play a role
n the maintenance of social relationships. Further investigations
f the animals of the current study on their abilities to form and
aintain social bonds in adolescence and adulthood will provide

dditional insights on the specific role of the orbital frontal cor-
ex in the development of filial attachment and social behavior.

Yet, a combined effect of the atypical rearing conditions with
hat of the lesion cannot be entirely excluded. Further studies
ssessing the effects of orbital frontal cortex lesion in mother-
eared infant monkeys could help to dissociate the influence
f the two factors on the development of social preferences
nd characterize the role of the orbital frontal cortex in filial
ttachment.

.4. Comparison of present findings with the non-primates

ata

The present findings revealed that, as previously suggested by
thers [12], the hippocampus and amygdala do not seems to play
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critical role in the development and maintenance of early social
ond. A similar conclusion can be drawn for the orbital frontal
ortex, although it may play an indirect role in the strength, qual-
ty and/or maintenance of such early relationships, via its critical
ole in self-regulatory processes. These results differ from those
hat have shown that both the amygdala and orbital frontal cortex
re involved in the formation of social attachment in sheep, voles
nd rats [63–66,124,125]. Although one explanation for such
ifferences could be related to species differences in the brain
ircuits mediating the formation and maintenance of social bond,
ther possible factors are likely. First, the type of social attach-
ent differs between the primate and non-primate studies. Filial

ttachment to a caregiver was studied in primates whereas adult
elationships (maternal attachment and pair-bonding) were stud-
ed in sheep and voles, respectively. Thus, the neural structures,
ncluding the amygdala and the orbital frontal cortex, involved
n the formation of social attachments in adults may not play a
imilar role in the neonates [81]. Although this possibility cannot
e excluded at this time, it does not fit with current views propos-
ng that filial attachment in early infancy constitutes the roots of
ocial bonding later in life [21,22,82], and that it is mediated by
eural mechanisms similar to those described for social bonding
n adults [67]. A final possible explanation relates to differences
n methodology and/or timing of brain manipulation. In the pri-

ate studies, permanent neural damage was performed in early
nfancy, whereas in the non-primates investigations, reversible
eural inactivation techniques along with functional activation
ere used in adulthood. Permanent damage to a neural struc-

ure, especially at an early stage of development, may induce
mportant cellular and chemical brain reorganization offering the
otential for compensatory mechanisms to support the functions
ormally performed by the damaged structure [25,58,120,122].
f this last possibility proves to be correct, the results in primates
o not imply that the amygdala and orbital frontal cortex are
nnecessary for filial attachment, but rather that, in the absence
f one of these two structures early in development, filial attach-
ent could be mediated by one of the remaining structures or

y other compensatory mechanisms.

.5. Relevance of the present findings for autism

The pattern of results that we have described above in mon-
eys with damage to selective neural structures may provide
ome insights into the understanding of neural dysfunction
nd social deficits observed in autism. Generally, children with
utism show clear signs of early attachment to their primary
aregiver, usually the mother, although they often display less
ontact seeking and contact maintaining behaviors with their
other than do children without autism (see introduction). Sim-

larly to some of the monkeys in group Neo-Oasp that displayed
mpulsive/disinhibited interest toward the familiar human, many
hildren with autism demonstrate attentional deficits and greater
mpulsivity, than children with attention deficit hyperactivity

isorder or typically developing children (e.g. see [33]). In addi-
ion, some parents of autistic children report that their children
requently approach strangers inappropriately or that they run
ff in public places if not supervised closely (Loveland, 2006,

T
C
Z
a
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ersonal communication). Nonetheless, these behaviors do not
ignify that they do not understand that different persons (or
ifferent context) have different meaning. Indeed, several stud-
es have found that children with autism are able to distinguish
nd respond differentially to different persons, and in differ-
nt contexts [69,108]. It is worth noting here that all studies
hat assessed filial attachment in children with autism have used
ome version of the well-defined strange situation procedure [3]
hat compares the child’s behavior during reunion/separation
pisodes between the caregiver and a stranger. To our knowl-
dge, no studies compared empirically the behavior of children
ith autism toward familiar individual other than the mother (or
rimary caregiver). Yet, we could speculate that if they are dis-
nhibited/impulsive, children with autism would be more likely
o approach less familiar individuals and thus could appear to
ossess a weaker preference for their mother (or primary care-
iver), similarly to what we observed during the discrimination
ask in a subset of monkeys that received neonatal orbital cor-
ex lesion. Such speculation will obviously need to be assessed
mpirically.

Thus, as for the monkeys with orbital frontal lesions, it is pos-
ible that in infancy the neural systems that are dysfunctional in
utism may not affect the formation of the bond with the mother,
ut may be inadequate to support the normal progression toward
ore complex cognitive stages of filial attachment, such as the

evelopment of internal working models of social relationships
26,40,92,93]. The absence of such psychological progression
ould later lead to more severe and pervasive impairments in
ocial interactions and reciprocal relationships (see [118] for a
ecent review). Interestingly, there exists growing evidence to
upport the existence of dysfunction in a complex neural net-
ork, including the amygdala and the orbital frontal cortex, in

utism (see [8] for review).
This hypothesis will be empirically tested in the monkeys of

he present study as they will reach adolescence and adulthood.
ome evidence for it has already been provided in recent studies.
onkeys with neonatal amygdala lesions that displayed attach-
ent to their mother in early infancy [12], did show changes

n social interactions with conspecifics as juveniles [13] and
educed social dominance as adolescents [14]. These data sug-
est that, although damage to the amygdala and perhaps the
rbital frontal cortex might not alter the development of early
lial attachment, it may affect the development of higher order
ognitive processes necessary for the maintenance of social rela-
ionships and the development of new ones, later in life.
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life. Zoologische Jahrbücher (Physiologie) 1965;71:489–508.

[6] Andrews MW, Rosenblum LA. Assessment of attachment in differentially
reared infant monkeys (Macaca radiata): response to separation and a
novel environment. J Comp Psychol 1993;107:84–90.

[7] Arana FS, Parkinson JA, Hinton E, Holland AJ, Owen AM,
Roberts AC. Dissociable contributions of the human amygdala and
orbitofrontal cortex to incentive motivation and goal selection. J Neu-
rosci 2003;23(29):9632–8.

[8] Bachevalier J, Loveland KA. The orbitofrontal-amygdala circuit and self-
regulation of social-emotional behavior in autism. Neurosci Biobehav Rev
2006;30:97–117.

[9] Barbas H, Pandya DN. Architecture and intrinsic connections of the pre-
frontal cortex in the rhesus monkey. J Comp Neurol 1989;286:353–75.

[10] Bardi M, Huffman MA. Effects of maternal style on infant
behavior in Japanese macaques (Macaca fuscata). Dev Psychobiol
2002;41(4):364–72.

[11] Bastian ML, Sponberg AC, Suomi SJ, Higley JD. Long-term effects
of infant rearing condition on the acquisition of dominance rank in
juvenile and adult rhesus macaques (Macaca mulatta). Dev Psychobiol
2003;42:44–51.

[12] Bauman MD, Lavenex P, Mason WA, Capitanio JP, Amaral DG. The
development of mother–infant interactions after neonatal amygdala
lesions in rhesus monkeys. J Neurosci 2004;24:711–21.

[13] Bauman MD, Lavenex P, Mason WA, Capitanio JP, Amaral DG. The
development of social behavior following neonatal amygdala lesions in
rhesus monkeys. J Cogn Neurosci 2004;16(8):1388–411.

[14] Bauman MD, Toscano JE, Mason WA, Lavenex P, Amaral DG. The
expression of social dominance following neonatal lesions of the amyg-
dala or hippocampus in rhesus monkeys (Macaca mulatta). Behav Neu-
rosci 2006;120:749–60.

[15] Baxter MG, Murray EA. The amygdala and reward. Nat Rev Neurosci
2002;3:563–73.

[16] Bechara A, Damasio AR, Damasio H, Anderson SW. Insensitivity to
future consequences following damage to human prefrontal cortex. Cog-
nition 1994;50(1–3):7–15.

[17] Bechara A, Damasio H, Damasio AR. Emotion, decision making and the
orbitofrontal cortex. Cereb Cortex 2000;10(3):295–307.

[18] Bechara A, Damasio H, Tranel D, Anderson SW. Dissociation of working
memory from decision making within the human prefrontal cortex. J
Neurosci 1998;18:428–37.

[19] Bechara A, Tranel D, Damasio H. Characterization of the decision-
making deficit of patients with ventromedial prefrontal cortex lesions.
Brain 2000;123(Pt 11):2189–202.
[20] Boccia ML, Reite M, Kaemingk K, Held P, Laudenslager M. Behavioral
and autonomic responses to peer separation in pigtail macaque monkey
infants. Dev Psychobiol 1989;22:447–61.

[21] Bowlby J. Attachment and loss: retrospect and prospect. Am J Orthopsy-
chiatry 1982;52(4):664–78.
ral Brain Research 176 (2007) 75–93 91

[22] Bowlby J. Attachment. New York: Basic Books; 1969.
[23] Brothers L, Ring B, Kling A. Response of neurons in the macaque

amygdala to complex social stimuli. Behav Brain Res 1990;41(3):199–
213.

[24] Brothers L, Ring B. Mesial temporal neurons in the macaque monkey
with responses selective for aspects of social stimuli. Behav Brain Res
1993;57:53–61.

[25] Caminiti R, Innocenti GM. The postnatal development of somatosensory
callosal connections after partial lesions of somatosensory areas. Exp
Brain Res 1981;42(1):53–62.

[26] Capps L, Sigman M, Mundy P. Attachment security in children with
autism. Dev Psychopathol 1994;6:249–61.

[27] Carmichael ST, Price JL. Limbic connections of the orbital and medial
prefrontal cortex in macaque monkeys. J Comp Neurol 1994;363:615–41.

[28] Cheney DL, Seyfarth RM. How monkeys see the world. Chicago: Uni-
versity of Chicago Press; 1990.

[29] Chisholm K. A three year follow-up of attachment and indiscriminate
friendliness in children adopted from Romanian orphanages. Child Dev
1998;69:1092–106.

[30] Chugani HT, Behen ME, Muzik O, Juhasz C, Nagy F, Chugani DC. Local
brain functional activity following early deprivation: a study of postinsti-
tutionalized Romanian orphans. Neuroimage 2001;14:1290–301.

[31] Cicchetti D, Toth SL. A developmental psychopathology perspec-
tive on child abuse and neglect. J Am Acad Child Adolesc Psychiat
1995;34(5):541–65.

[32] Cohen DJ, Paul R, Volkmar FR. Issues in the classification of perva-
sive developmental disorders and associated conditions. In: Cohen DJ,
Donnellan AM, Paul R, editors. Handbook of autism and pervasive devel-
opmental disorders. New York: Wiley & Sons; 1987.

[33] Corbett BA, Constantine L. Autism and attention deficit hyperactivity
disorder: assessing attention and response control with the integrated
visual and auditory continuous performance test. Child Neuropsychol
2006;12:335–48.

[34] Damasio AR. Decartes’ error. New York: Avon book; 1994.
[35] deWaal F. Peacemaking among primates. Cambridge, MA: Harvard Uni-

versity Press; 1989.
[36] Dias R, Robbins TW, Roberts AC. Dissociation in prefrontal cortex of

affective and attentional shifts. Nature 1996;380:69–72.
[37] Dias R, Robbins TW, Roberts AC. Primate analogue of the Wisconsin

Card Sorting Test: effects of excitotoxic lesions of the prefrontal cortex
in the marmoset. Behav Neurosci 1996;110:872–86.

[38] Dissanayake C, Crossley SA. Autistic children’s responses to separation
and reunion with their mothers. J Autism Dev Dis 1997;27:295–312.

[39] Dissanayake C, Crossley SA. Proximity and sociable behaviours
in autism: evidence for attachment. J Child Psychol Psychiat
1996;37:149–56.

[40] Dissanayake C, Sigman M. Attachment and emotional responsiveness in
children with autism. Int Rev Res Ment Retard 2001;23:239–66.

[41] Emery NJ, Amaral DG. The role of the amygdala in primate social cogni-
tion. In: Lane RD, Nadel L, editors. Cognitive neuroscience of emotion.
Oxford: Oxford University Press; 2000. p. 156–91.

[42] Eslinger PJ, Flaherty-Craig CV, Benton AL. Developmental outcomes
after early prefrontal cortex damage. Brain Cogn 2004;55:84–103.

[43] Fairbanks LA, McGuire MT. Long-term effects of early mothering behav-
ior on responsiveness to the environment in vervet monkeys. Dev Psy-
chobiol 1988;21:711–24.

[44] Fairbanks LA. Individual differences in maternal style: causes and con-
sequences for mothers and offspring. In: Rosenblatt JS, Snowdon CT,
editors. Parental care: evolution, mechanisms, and adaptive significance.
San Diego: Academic Press; 1996. p. 579–611.

[45] Goldman PS, Crawford HT, Stokes LP, Galkin TW, Rosvold HE. Sex-
dependent behavioral effects of cerebral cortical lesions in the developing
rhesus monkey. Science 1974;186(4163):540–2.
[46] Goursaud AP, Nowak R. 2-NAP, a peripheral CCK-A receptor antagonist,
modulates the development of a preference for the mother by the newborn
lamb. Pharmacol Biochem Behav 2000;67(3):603–11.

[47] Goursaud AP, Bachevalier J. The origin of developmental psychopatholo-
gies: insights from non-human primate studies. In: Burbacher TM, Sackett



9 aviou
2 A.-P.S. Goursaud, J. Bachevalier / Beh

GP, Grant KS, editors. Nonhuman primate models in research on devel-
opmental disabilities. Elsevier Inc.; in press.

[48] Goursaud A-PS, Bachevalier J. Preference of infant monkeys with neona-
tal bilateral amygdala, orbital frontal cortex or hippocampal lesions for
their human adoptive mother. Soc Neurosci Abstr 2003;13:627.

[49] Gubernick DJ. Parent and infant attachment in mammals. In: Gubernick
DJ, Klopfer PH, editors. Parental care in mammals. New York/London:
Plenum Press; 1981. p. 245–305.

[50] Gundersen HJ, Jensen EB. The efficiency of systematic sampling in stere-
ology and its prediction. J Microsc 1987;147:229–63.

[51] Gunnar MR, Gonzalez CA, Goodlin BL, Levine S. Behavioral and
pituitary-adrenal responses during a prolonged separation period in infant
rhesus macaques. Psychoneuroendocrinology 1981;6:65–75.

[52] Happaney K, Zelazo PD, Stuss DT. Development of orbitofrontal func-
tion: current themes and future directions. Brain Cogn 2004;55:1–10.

[53] Harlow HF, Suomi SJ. Nature of love-simplified. Am Psychol
1970;25:161–8.

[54] Harlow HF. Love in infant monkeys. San Francisco, California: W.H.
Freeman Company; 1959.

[55] Higley JD, Hopkins WD, Thompson WW, Byrne EA, Hirsch RM, Suomi
SJ. Peers as primary attachment sources in yearling rhesus monkeys
(Macaca mulatta). Dev Psychol 1992;28(6):1163–71.

[56] Hornak J, Bramham J, Rolls ET, Morris RG, O’Doherty J, Bullock PR,
et al. Changes in emotion after circumscribed surgical lesions of the
orbitofrontal and cingulate cortices. Brain 2003;126(7):1691–712.

[57] Hornak J, Rolls ET, Wade D. Face and voice expression identification in
patients with emotional and behavioural changes following ventral frontal
lobe damage. Neuropsychologia 1996;34:247–61.

[58] Innocenti GM, Berbel P. Analysis of an experimental cortical network.
I. Architectonics of visual areas 17 and 18 after neonatal injections of
ibotenic acid; similarities with human microgyria UI-91329447. J Neural
Transplant Plast 1991;2:1–28.

[59] Izquierdo A, Suda RK, Murray EA. Comparison of the effects of bilat-
eral orbital prefrontal cortex lesions and amygdala lesions on emotional
responses in rhesus monkeys. J Neurosci 2005;25:8534–42.

[60] Jones B, Mishkin M. Limbic lesions and the problem of stimulus-
reinforcement associations. Exp Neurol 1972;36:362–77.

[61] Kalin NH, Shelton SE, Davidson RJ, Kelley AE. The primate amygdala
mediates acute fear but not the behavioral and physiological components
of anxious temperament. J Neurosci 2001;21(6):2067–74.

[62] Kanner L. Autistic disturbances of affective contact. Nervous Child
1943;2:217–50.

[63] Keller M, Meurisse M, Levy F. Mapping of brain networks
involved in consolidation of lamb recognition memory. Neuroscience
2005;133(2):359–69.

[64] Keller M, Meurisse M, Levy F. Mapping the neural substrates involved in
maternal responsiveness and lamb olfactory memory in parturient ewes
using Fos imaging. Behav Neurosci 2004;118(6):1274–84.

[65] Keller M, Perrin G, Meurisse M, Ferreira G, Levy F. Cortical and medial
amygdala are both involved in the formation of olfactory offspring mem-
ory in sheep. Eur J Neurosci 2004;20(12):3433–41.

[66] Kendrick KM, Da Costa APC, Broad KD, Ohkura S, Guevara R, Levy F,
et al. Neural control of maternal behaviour and olfactory recognition of
offspring. Brain Res Bull 1997;44(4):383–95.

[67] Keverne EB, Nevison CM, Martel FL. Early learning and the social bond.
Ann NY Acad Sci 1997;807:329–39.

[68] Kringelbach ML, Rolls ET. Neural correlates of rapid reversal learn-
ing in a simple model of human social interaction. Neuroimage
2003;20(2):1371–83.

[69] Landry SH, Loveland KA. Communication behaviors in autism and
developmental language delay. J Child Psychol Psychiatry 1988;29:
621–34.

[70] Lewis DA. Development of the primate prefrontal cortex. In: Keshanan

MS, Murray RM, editors. Neurodevelopmental and adult psychopathol-
ogy. Cambridge, MA: Cambridge University Press; 1997. p. 12–30.

[71] Machado CJ, Bachevalier J. Non-human primate models of childhood
psychopathology: the promise and limitations. J Child Psychol Psychiat
2003;44:64–87.
ral Brain Research 176 (2007) 75–93

[72] Maestripieri D. Mother–infant relationship in three species of macaques
(Macaca mulatta, M. nemestrina, M. arctoides). I. Development of
the mother–infant relationship in the first three months. Behaviour
1994;131:75–96.

[73] Maestripieri D. The biology of human parenting: insights from nonhuman
primates. Neurosci Biobehav Rev 1999;23(3):411–22.
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